The need to design for low energy consumption dwellings has induced Malaysian architects to design naturally ventilated high-rise hostels (HH), near the capital, Kuala Lumpur. Objective and subjective measurements for thermal comfort investigations were conducted in two high-rise university hostels located in Universiti Malaya, Petaling Jaya (HH1) and Universiti Putra Malaysia, Serdang (HH2) from May 12 to June 19 in 2007. Eighteen rooms located at first, fifth, and top floor of each HH were measured for different orientations. The measured rooms were naturally ventilated with ceiling fans. Thermal comfort variables were measured prior to the subjective measurement. A total of 208 student occupants responded to the questionnaire. Subjects with 6 months and over living experience in those HH were selected randomly. This study was aimed: (1) to assess the indoor microclimate of each naturally ventilated HH, (2) to identify student occupants' thermal sensation during rainy and clear day, and (3) to simulate the neutral operating temperature for rooms in naturally ventilated high-rise hostels. Findings revealed that room in HH1 which is located on high land and shaded has a more constant operating temperature distribution than rooms in HH2 that is located on lower land and un-shaded. Operating temperature ranges for HH1 and HH2 were 27-318C and 26-418C, respectively. Results suggested that there is also a possibility that thermal comfort is achievable in shaded naturally ventilated hostels with a window-to-wall ratio of 0.35 where the internal-external relative humidity is above 70% RH, especially in southfacing rooms.
Introduction
Thermal comfort surveys in tropical countries near to the equator have been actively assessed by researchers since 1949 [1] [2] [3] . The importance of comfort generally in a building design has been widely translated into several comfort types [4, 5] of which the most influential and most studied is thermal comfort. Naturally ventilated buildings designs can perform efficiently in hot climate countries, like Malaysia because of their low evaporation rate, long hours of sunshine, high relative humidity, and very overcast cloud cover [6] . In Malaysia, thermal comfort assessments on naturally ventilated building have been conducted in lowcost housings, traditional Malay houses, terraced houses, walk-up flats [7] [8] [9] [10] , and class-rooms [11] but none have been conducted in high-rise domestic buildings.
Malaysia is a maritime country close to the equator. It has abundant sunshine but it is rare to have a full day with a completely clear sky. The average sunshine is around 6 h. The daily range of temperature in Malaysia is from a low of 248C up to 388C with the lowest temperature usually recorded during the night. Relative humidity can be as low as 42% to as high as 94%. Malaysia's annual evaporation rate is about 4-5 mm per day depending on the cloud cover and air temperature (Malaysian Meteorological Department, 2007, unpublished data). Because of its hot and humid climate, cooler days are often recorded with low evaporation rate, high relative humidity value, cloudier sky (7 oktas), and wet while warmer days are usually the opposite.
As a country that is progressing towards an energy consumption conscious target, buildings are designed to enable natural ventilation. However, a naturally ventilated building cannot give a thermally comfortable environment in Malaysia. At the very least a ceiling fan needs to be installed to lessen the heat gain indoors [8] . With the aim of achieving low energy consumption, several high-rise university hostels near Kuala Lumpur are built without airconditioners installed. Instead passive strategies like long overhangs and balconies are included in some of these buildings. Two high-rise hostels (HH) were selected for this study. They were the 12th Residential College, Universiti Malaya (HH1) and the 11th Residential College, Universiti Putra Malaysia (HH2). HH1 is located in the Petaling Jaya area at a latitude of 3 00 6 0 N, longitude of 101 00 39 east of Greenwich and 60.8 m above sea-level. HH2 is located in the Sepang with latitude of 2 00 44 0 N, longitude of 1018 42 0 E and is 16.3 m above sea-level.
Malaysia's equatorial climate and the need to use less energy in high-rise dwellings would be expected to militate against thermal comfort. The first objective of this study was to comprehensively measure the indoor microclimate condition of selected HH samples and their relationship to the external air temperature. The second objective was to assess subjective thermal sensation experienced by HH occupants on both rainy and clear days. The final objective was to compare the neutral operating temperatures obtained from three models, namely, optimum thermal comfort model, linear regression between subjects' thermal sensation votes (STSV) with the operative temperature model and linear regression between predicted mean votes (PMV) against the operative temperature model.
Methodology

Case Study Buildings -Room Description
The dimensions and window-to-wall ratio (WWR) for typical rooms in HH1 and HH2 are as follows:
(a) HH1: 4.90 Â 3.30 Â 3.00 m 3 (lwh) (not including balcony); WWR ¼ 0.35 (b) HH2: 4.30 Â 3.60 Â 2.90 m 3 (lwh); WWR ¼ 0.26 Three rooms vertically located with the same orientation were chosen to be monitored simultaneously, namely, on the first, fifth, and top floors for each HH. These different room locations were chosen to measure the indoor air temperature differences slightly above ground, middle and top level of a high-rise dwelling building. For HH1, north and south orientations were taken into account. For HH2, rooms were monitored at north, south, east, and west orientations. The occupancy number for HH1 and HH2 rooms was two and three persons, respectively. HH1 is the only hall of residence that has balconies (2.0 m projection). Each HH has different window designs, namely, adjustable louver windows with transparent polymer door finish in HH1; and set of six top hung windows (single glazing) in HH2 ( Figure 1 ). These high-rise hostels are naturally ventilated. A ceiling fan is the only mechanical ventilation unit used in those buildings.
Field Measurement
Three rooms at different locations, namely, at the lowest, middle, and top floor for each available room orientation were simultaneously used for measurement for 3 days. At the end of 3 days, another set of rooms were selected with a different room orientation. The room's dimension, WWR and shading strategies were identified before starting the measurements. Shading strategy was identified based on whether the room was designed with a balcony or had long overhangs or not. Windows were left open during the measurement period.
A 1000 Series Squirrel data logger (Eltek Ltd, Cambridge, UK) together with Darca Windows software was used throughout the field measurements. Sensors connected to the logger were temperature and relative humidity probes, a globe temperature probe, and two bead temperature sensors. The temperature and relative humidity probe is 260 mm in length and 25 mm in diameter with solid-state temperature and humidity sensor devices which change its electrical characteristics in response to extremely small changes in indoor temperature and humidity. Operating temperature is measured as the internal temperature of a hollow sphere (painted in black) that is exposed to the environment. The internal temperature of the sphere indicates the balance between heat lost and gained from radiation and convection. It has an operating range from -408C to þ608C. The 38 mm 'ping pong ball' was used as the sphere for the sensor because of its fast response and heat exchange properties, which are similar to a human body at typical indoor air speeds [12, 13] . Therefore, in order to understand occupants' indoor thermal response, their thermal sensation votes were regressed against the operating temperature. Climatology data used for HH1 and HH2 were collected from Petaling Jaya and Kuala Lumpur International Airport (KLIA) near Sepang weather stations.
Subjective Survey
Occupants who had experience of living 6 months and over in these hostels were selected at random. Occupants were all female because the selected hostels accommodated female students only. The measurement period was also limited. Occupants were approached individually in their rooms and were asked if they want to participate in the questionnaire survey. Occupants who participated were not given any monetary reward but agreed to fill in the questionnaire forms voluntarily.
(a)
North facing with balcony also as overhangs for each room.
Louver windows with overhang.
(b)
South facing no balcony.
Top hung windows. In the questionnaire surveys, occupants were asked to vote on their thermal comfort during rainy days and clear days over the last 6 months. The questions used for this investigation were as follows:
(1) What do you usually feel when you are in your room during rainy days? (2) What do you usually feel when you are in your room during clear days?
Clear and rainy day conditions were chosen so that it would be easier for subject to relate her thermal comfort with the warmest and coolest conditions throughout the year. A 7-point thermal sensation scale was provided in the questionnaire form, which consisted of: cold (À3); cool (À2); slightly cool (À1); neutral (0); slightly warm (þ1); warm (þ2) and hot (þ3). A glossary of the terms used in the questionnaire was provided on the first page of the form. 'Rainy Days' (RD) was described as: 'days that are mostly overcast and wet', meanwhile 'Clear Days' (CD) was described as: 'days that are mostly dry, hot and have slightly cloudy sky.' Throughout this study, subjects' responses will be referred to as 'subjects' thermal sensation vote' (STSV).
Predicting Subjects' Thermal Neutrality
Subjects' thermal neutrality was predicted using three types of calculations. The first calculation adopts the optimum thermal comfort, T comf , model for naturally ventilated buildings [14] . This model is estimated using the following equation:
where, T a,out is the mean outdoor dry bulb temperature. Then, the range of temperature around T comf corresponding to 90% thermal acceptability is defined. This percentage of acceptability is applied as a function of operative temperature in order to produce a 90% acceptable comfort zone. The second calculation was done by constructing a linear regression model relating STSV in RD and CD with operating temperatures measured. Meanwhile, the third calculation was done through linear regression models relating PMV with similar operating temperatures mentioned earlier. The PMV model was constructed according to ISO7730 standard and run using Cþþ Program version 6.0. Meanwhile the statistical analyses were done using SPSS Program version 12.
Results and Discussions
Indoor Temperature Measurement Twenty-four hour measurements over 3-day periods for six different orientations from both HH1 (i.e., orientations: north and south) and HH2 (i.e., orientations: north, south, east, and west) were recorded. Weather data during the measurement periods were obtained and correlated against the indoor microclimate conditions measured, namely, air temperature, operating temperature and relative humidity. Statistical summary of the dry bulb temperature during the measurement period is shown in Table 1 . The first indoor operating temperature measurement was done in HH1 (north-oriented rooms) on May 12 while the final measurement was conducted in HH2 (west-oriented rooms) on June 19. External air temperature sensors recorded ranges from 248C to 348C. The most constant temperature was from May 27 to 29 and the least constant temperature was from May 12 to 15. Table 2 shows the summary of operating temperatures for HH1 and HH2. Overall the operating temperature ranged from 268C to 418C. The mean operating temperature for HH1 and HH2 for the 18 room/days ranged from 288C to 308C. Table 3 shows the summary of relative humidity measurments for HH1 and HH2. Overall measured relative humidity ranged from 35% to 81%. The mean relative humidity for HH1 and HH2 over 18 room/ days ranged from 64% to 74%. All of the rooms measured showed temperatures above 268C. Most rooms had relative humidity around 70% except for HH1 northfacing room at ninth floor, HH2 west-facing rooms at first and fifth floors. According to the Malaysian Standard MS 1525 [15] , thermal comfort in an air-conditioned nonresidential building is achieved when the indoor temperature is 268C and relative humidity is 70%. However, the limit temperature for naturally ventilated residential buildings should be shifted higher than their air-conditioned counterparts because occupants are more flexible in adjusting their dress and better able to alter the air circulation through opening windows [16] . Table 4 shows the relationship between mean internal indoor air temperature, operating temperature, and relative humidity for each HH and their external counterparts. Indoor microclimate conditions are derived as dependent variables (DV) whereas external microclimate conditions are derived as independent variables (IV). Indoor air temperature for rooms in HH1 and HH2 show moderate significant influence with their dry bulb temperature showing slope gradient (R 2 ) and Pearson linear correlation (r) of 0.633; 0.796 for HH1 and 0.560; [17] . Furthermore, HH2 rooms have the least constant operating temperature in comparison with HH1 rooms. The widest HH2 temperature deviation was found in westoriented rooms ( Table 2 ) even though the external air temperature was not the least constant throughout the survey period (Table 1 ). This indicates that west-oriented rooms without shading and WWR of 0.26 causes greater distribution of operative temperature that here ranged from 268C to 418C. Meanwhile the temperatures measured from HH1 were the most constant compared to the other two HHs. South-oriented rooms in HH1 had the most constant temperature range at all three floors (Table 2) despite the less than constant external air temperature of AE2.48C standard deviation (Table 1 ). This shows that south-oriented rooms with shading and WWR of 0.35 causes gives a more constant operating temperature distribution that ranges from 278C to 318C. The results also show that temperatures in all HH1 rooms, the hostel located in a hilly area, were more constant than in all the HH2 rooms which are located at lower elevation.
To identify the temperature response at different room locations, the maximum operating temperature measured was plotted against rooms at first, fifth, and top floor of each HH (Figure 2 ). In HH1, similar peak operating temperatures (328C) were recorded at all three-room locations. In HH2, the warmest rooms were located at the seventh (top) floor where a maximum temperature of 418C was measured while the fifth and first floor rooms remained at 34 and 338C, respectively. 
Subjective Surveys
Subjects were 18-26-year-old undergraduate students doing sedentary type activities. Subjects were asked to tick the types of clothes they wore during RD and CD. Six clothing types estimated in accordance with ISO 7730 are shown in Table 3 .
The summary of subjects' daily wear clothing type for the HHs is shown in Table 5 . Type 1 daily clothing wear was the most frequently worn clothing type during both day conditions for the two HH. During CD, large majority of subjects wore type 4 clothing while during rainy days, most of them were comfortable wearing type 1 and others type 6 clothing.
To analyze the vote distribution, clo values for RD and CD were combined and plotted against temperature (Figure 4 ). Combined votes also gave a more linear relationship when correlated against temperatures in HH1 and HH2. The 208 subjects response to peak temperatures and the wider operating temperature distribution found in HH2 rooms lead to a more significant relationship with the subjects' clo value compared to HH1. Results for subjects' clo value during RD and CD regressed with operating temperature in HH1 and HH2 showing low significant regression analysis of 0.419 and 0.483, respectively. Mean clo value recorded for subjects in HH1 and HH2 was 0.5, indicating that subjects preferred to wear underwear, short sleeves t-shirt with track suit or jeans on both rainy and clear days (Table 5 ).
Significant mean differences beyond p50.001 were detected when ANOVA repeated measures were used between STVS votes for RD and CD. Large size effects ( 2 ¼ 0.78) were also detected for both RD and CD in: Figure 5 shows the STSV for RD and CD in HH1 and HH2 at different floor levels. RD votes in HH1 and HH2 are between the slightly cool and cool comfort points, while CD votes in HH1 and HH2 are between neutral and the slightly warm comfort point. Even though the mean difference between RD and CD votes in each HH show significant differences, both RD and CD votes at different floor levels show no significant differences. This indicates that subjects were not sensitive to temperature variation across different floor levels. Predicting Subjects' Thermal Neutrality The optimum thermal comfort, T comf , of occupants in naturally ventilated buildings in South East Asia is estimated using Equation (1) . The average dry bulb temperatures, T a,out for the month of May until July since 2002-2007 were 28.308C in Petaling Jaya (HH1) and 28.178C in KLIA (HH2). These months are selected to represent average dry bulb temperatures during measurement periods. Occupants' optimum thermal comfort is thus estimated as follows:
T comf ðHH1Þ ¼ 17:6 þ 0:31ð28:30Þ
T comf ðHH2Þ ¼ 17:6 þ 0:31ð28:17Þ
The 90% acceptability for thermal comfort suggested is T comf AE 3.58C [8] , then temperature must not exceed
¼ 29:878C, for HH1 ð4Þ
¼ 29:838C, for HH2 ð5Þ Figure 6 shows the regression of subjects' thermal sensation vote (STSV) for both RD and CD on the operating temperature in HH1 [ Figure 6 (a)] and HH2 [ Figure 6(b) ]. RD and CD regressed onto the operating temperature in HH1 and HH2 show significant Pearson linear correlation beyond p50.001: r ¼ 0.369 and r ¼ 0.325, respectively. The relationships indicated in Figure 6 are not strong in HH1, R 2 ¼ 0.136 and HH2, R 2 ¼ 0.106. In HH1, the slope of the regression line is 0.421/8C, which means up to 33.38C variation of operating temperature can cause the STSV to vary by 1. In HH2, the slope of regression line is 0.668/8C, where up to 30.18C variation of operating temperature causes the STSV to vary by 1. The regression analysis of mean STSV during RD and CD in HH1 and HH2 gives thermally neutral temperatures of 30.93 and 28.638C, respectively. The linear regression model relating PMV for HH1 and HH2 with the operating temperature are shown in Figure 7 . PMV regressed on operating temperature in HH1 and HH2 shows significant Pearson linear correlation beyond p50.001: r ¼ 0.907 and r ¼ 0.922, respectively. The relationships indicated in Figure 7 are significantly strong in HH1, R 2 ¼ 0.822 and HH2, R 2 ¼ 0.849. The slope for the PMV gradient in HH1 is 0.412/8C, which means up to 28.98C variation of operating temperature can cause the PMV to vary by 1. Meanwhile, the PMV gradient in HH2 is 0.314/8C with 28.68C variation of operating temperature causes the PMV to vary 1. The regression analysis of mean PMV gives a thermal neutral temperature of 26.58C in HH1 and 25.48C in HH2. Regression results in HH1 and HH2 of mean STSV are around 48C higher than regression results of mean PMV. Results from these three calculations differed from each other. However, the optimum thermal comfort model with 90% acceptability provided closer mean neutral temperatures (29.878C in HH1 and 28.838C in HH2) with the mean neutral temperature calculated from a linear regression model relating STVS with the operating temperature (30.938C in HH1 and 28.638C in HH2) compared to a linear regression model relating PMV with operating temperature (26.508C in HH1 and 25.428C in HH2). Table 6 shows the summary of PMV and STSV during both RD and CD in HH1 and HH2. A total of 208 subjects in HH1 and HH2 answered two sets of questionnaire surveys that gave a total of 416 votes. Table 7 shows the summary of PMV and STSV during both RD and CD in HH1 and HH2. The average STSV of subjects in HH1 and HH2 are À0.57 and À0.19, respectively on the 7-point scale. These results are close to the neutral comfort point, while average PMV in HH1 and HH2 are slightly higher, namely 1.42 and 1.38, respectively, or in between the slightly warm and warm comfort points.
The above findings may be explained in two ways. The first explanation is through the 'Adaptive Theory' which suggests that people are not passively receptive of their thermal environment [14, 18] . They adapt to their environment but may feel discomfort when change occurs. That is why most of subjects are neutrally comfortable in the current operating temperature and are more sensitive to peak temperature changes. The higher STSV acceptable condition for comfort is also greater than that predicted using ISO7730's PMV model (Figures 6 and 7) .
The second reason is to include an indoor short-wave parameter into the PMV model. The availability of short wave can influence the quantity of water evaporated from a surface. A low evaporation level leads to low indoor relative humidity and hence decreases occupants' thermal comfort especially in a hot and humid climate country, where humidity is reported to have an adverse effect on comfort [17] . Through observation, measurements in rooms that were shaded, north and south-oriented received less short-wave radiation and sometimes none. But in some unavoidable cases where rooms were facing either east or west, a large patch of sunlight was usually available and increased the indoor temperature. Therefore, it would be appropriate to suggest that the PMV model should include an indoor short-wave radiation parameter in order produce results that more closely resemble occupants' thermal comfort sensation in countries with a hot and humid climate.
Conclusions
Indoor microclimate measurements were made over a 3-day period in 18 different room locations in naturally ventilated high-rise hostels where the mean operating temperature ranged from 288C to 308C. The operating temperature in HH1 rooms, located at a higher elevation were more constant than in HH2 rooms which were located lower down. West-oriented rooms without shading and a WWR of 0.26 caused a wide distribution of operating temperature that ranged from 268C to 418C. South-oriented rooms with shading and WWR of 0.35 provided a more constant operating temperature distribution that ranges from 278C to 318C.
Some 208 college-aged female occupants of HH1 and HH2 had a mean clo value of 0.5 indicating that they preferred to wear underwear, short sleeves t-shirt with track suit or jeans during both RD and CD. The decision to combine RD and CD votes were made because operating temperatures measured were under both of those daytime conditions. Subjects' STSV in RD and CD was significant beyond p50.001 with the operating temperature. ANOVA repeated measures revealed that in both HHs, STSVs during RD indicated that subjects felt between slightly cool and cool while STSVs during CD showed thermal sensation increase indicating that subjects felt between neutral and slightly warm. However, STSV during both RD and CD votes at different floor levels showed no significant differences in both HHs.
Subjects' neutral temperature was predicted using three models. The neutral temperature from STSV regressed against operating temperature model showed relatively high operating temperature tolerance from HH1 occupants, with a neutral temperature of 30.938C. HH2 occupants were less tolerant of their operating temperature, the evidence suggesting a neutral temperature 2.38C less than for HH1 occupants. PMV regressed against the operating temperature showed a lower neutral temperature than the first model, namely, 26.58C in HH1 and 25.48C in HH2. Prediction using the optimum thermal comfort model with 90% acceptability produced a neutral temperature closer to the first model, namely, 29.878C in HH1 and 29.838C in HH2.
From these findings, it seems possible that thermal comfort is achievable in shaded naturally ventilated hostels with WWR of 0.35 where the internal-external relative humidity is above 70% RH, especially in southfacing rooms. Thermally neutral operating temperatures can increase upto 30.938C in this particular room condition. It is also recommended that future research on thermal comfort using the PMV model include an indoor short-wave radiation parameter to predict better thermal comfort sensation for occupants living in a country with a hot and humid climate.
